A multi-channel retarding field analyzer (MC-RFA) including two RFA modules and two Langmuir probes to measure the ion and electron temperature profiles within the scrape-off layer was developed for investigations of the interplay between magnetic topology and plasma transport at the plasma boundary. The MC-RFA probe for the stellarator W7-X and first measurements at the tokamak EAST was designed. The probe head allows simultaneous multichannel ion temperature as well as for electron temperature measurements. The usability for radial correlation measurements of the measured ion currents is also given.
Introduction
Considering the fusion research achievements of the past fifty years, one of the most important challenges of fusion plasma devices is understanding and handling power exhaust. In order to investigate divertors for future fusion reactor devices, the knowledge of the physics of scrape-off layer (SOL) plasma and the characteristics of divertor plasmas are requisite.
Power exhaust is characterized by particle and heat flux distributions in the SOL. To determine these flux distributions, measurements of the ion and electron temperature distributions are necessary. Often the ion and the electron temperature are assumed to be equal. However, previous experiments [1] have shown that T i can achieve values up to 10 times higher than T e , which is caused by a greater thermal conductivity of the electrons. Based on previous modeling with the EMC3-EIRENE code for stellarator W7-X [2] , one can expect a dependence of the ion to electron temperature ratio on the distance to the last close flux surface (LCFS) within the SOL region.
Because accurate measurements of the ion temperature at the SOL are necessary for optimization of fusion plasma devices, one of the most common methods is using an retarding field analyzer (RFA) to determine the ion energy distribution (and therefore temperature) and ion current density (e.g. [3, 4] ). Essentially, an RFA probe is a stack of electrically isolated and biased grids.
In previous experiments, a radial ion temperature profile was measured by plunging the RFA probe head quickly into the edge plasma and moving out afterwards, and assuming the plasma is stable during the plunge. However, to be able to measure the ion temperature or fast particles at up to three radial positions at the same time, a multi-channel retarding field analyzer probe (MC-RFA) was developed.
This paper presents the results of the development of the MC-RFA probe. First results from EAST plasma measurements will be shown. This probe can be used for measuring the ion energy distribution component parallel to the magnetic field lines and ion current density across the SOL.
Set-up of the MC-RFA probe
For measuring the ion energy distribution in the SOL region, the MC-RFA probe (as shown in figure 1 ) is plunged in radial direction and is aligned parallel to the magnetic field lines. For this MC-RFA probe three slits each side were used, for measuring the energy distribution parallel and anti-parallel to the magnetic field lines in three independent radial channels.
Because of the space charge limit [5] , it must be taken care of limiting the ion particle density by an additional low transmission slit plate, so that approximately 0.34% of the ions are transmitted to the collector strip through the grids of the MC-RFA probe. The first high transmission grid is biased negatively to repel the thermal electrons. The transmitted ions then are decelerated by the second high transmission grid, due to a positive biasing voltage. Additionally, there is a third negatively biased high transmission grid, to repel secondary electrons from the collector.
By sweeping of the biasing voltage, the ion energy distribution is measured. The ion temperature therefore can be calculated by using this measured energy distribution (see section 4). The low transmission slit plate is made of tungsten due to the good thermal resistance and grounded to the central vessel ground. Because the power distribution can be distorted by increasing thickness of a slit plate [6] , the front slit plate have a thickness of 3 mm and triangular slits, so that at smallest slit width of 100 μm has an effective depth of 100 μm. The low transmission slit plate with lower heat load has a thickness of 50 μm.
It is important that the slit width is of the order of the Debye length (at EAST ∼10-∼100 μm) in order to shield the measurements from collective plasma effects [7] . Even experiments at the higher Debye length limit (100 μm) on EAST show good shielding by suppressed floating potential at the low transmission grid. So the front slit plate widths of 100 μm seems appropriate. A distance of 4 mm for the front slit plate and 1 mm for the low transmission slit plate is chosen to ensure that the plasma density inside the probe head is below the space charge limit [5] .
The high transmission grids are made of tungsten with a thickness of 50 μm. The grid is defined by bars, which have a width of 100 μm and square holes of 400 μm. To disturb the electric field between the grids as less as possible they are planar and separated by 1 mm thick ceramic components (Al 2 O 3 ).
Grids 1 and 3 are biased negatively with U 0 =−200 V using a Gensys 100/15 DC power supply. The biased voltage on Grid 2 can be swept up to a maximum of ±200 V and sweeping frequency of up to 1 kHz. This sweeping rate of less than 200 kVs −1 ensures that the signal follows the sweep and the capacitive effects are reasonably low. The AC voltage was generated by using a Wavetec 275 with a maximum range of 10 V and amplified using a Kepco BOP 200/1 to obtain sweeping from −40 V to 160 V for the experiments discussed in chapter 4.
The collector strips are also made of tungsten and are not biased. They are divided into three strips each side (see figure 2) , to measure the collected ion current of the three channels each side independently. On the basis of the expected ion temperatures and densities from previous experiments [8] and the used low and high transmission grids, we expected collector currents of the order of 10-100 μA. The collector currents were measured via a 100 Ω resistor. Including the data acquisition module, a conversion of 1 mA to a voltage of 3.76 V is obtained. Within the probe head two MC-RFA modules are embedded back to back to measure simultaneously parallel and antiparallel to the magnetic field lines. In order to compare the ion temperature to the electron temperature, there are two Langmuir pins integrated in the probe head, as shown in figure 3 . One pin is used as single-pin Langmuir probe to obtain electron temperature profiles. The second pin is grounded via a 1 MΩ resistance (10 kΩ+990 kΩ) for floating potential measurements.
This probe head is protected by a graphite cover (see figure 4 ) and mounted on a manipulator system which can be moved at a maximum speed of 2 m s −1 and which is capable of crossing the LCFS. The tilt angle of the probe head can be adjusted with a screw system between probe head and manipulator in order to match the tilt of the magnetic field lines.
Measurements of ion temperature profiles using the MC-RFA probe
For ion temperature measurements the grids are biased, in particular the second high transmission grid sweeps between −40 V and 160 V and the resulting currents at the collector plates caused by the transmitted ion current are measured. For each period of the oscillating voltage U G , we measured the I-U characteristic.
The detector current I depends on U G and can be expressed by [1] :
v is the parallel transmission factor, U 0 is the difference between biasing voltage on the first grid and the plasma potential and eZ i is the ion charge.
In front of the MC-RFA probe the ion velocity distribution is assumed as maxwellian. So, the collector signal can be approximated by [7] :
by using I offset given by any offset of the electronics and the ion saturation current I 0 , where A denotes the entrance area given by the slit plates and τ is the transmission factor given by the grids. Fitting these equations to the measured I-U characteristics (figure 5), the ion temperature T i can be determined (figure 6). To reduce the high frequency noise of the collector signal, a low pass filter was used. By moving the probe slowly compared to the voltage oscillation time, several radial ion temperature profiles can be obtained with a spatial resolution of 0.2 mm for a 1 kHz sweeping frequency.
Preliminary results from EAST experiments
For the commissioning of the MC-RFA probe on EAST, deuterium plasmas were used. Plasma currents I P of 400 or The radial ion temperature profiles were measured with both opposite MC-RFA modules, including up to three channels each side. Because T i and T e are measured at the same axis along the manipulator movement and therefore at the same major radii, the relative positions to each other are independent on magnetic topology.
The electron temperature was calculated from the I-U curve measured with the Langmuir probe on top of the MC-RFA (see figure 7) . Additionally, floating potential measurements were done, as shown in figure 8 . Also, multichannel ion temperature measurements were performed, shown in figure 9 . The calculated ion temperature decay length, shown in figure 9 , is 6.5 mm±1.0 mm. The maximum measured ion temperature is 28.4 eV.
As an advantage compared to the previous RFA probes, the dynamic of the edge plasma profile during fast radial propagating events, such as the edge plasma crash caused by the edge localized mode (ELM), can be investigated by comparison of the signals measured at different radial channels. To investigate fast particles, U G is set at a fixed potential (usually>3T i ) for both modules, in order to repel thermal particles. In figure 10 the signals caused by particles during an ELM crash at two MC-RFA channels and Balmer alpha lines from the outer midplane divertor are shown. In the MC-RFA signals from the plasma edge first a dominating fast ion contribution (positive signal) can be seen, followed by a dominating fast electron contribution (negative signal) and a second positive peak due to dominated fast ion contribution.
The time delay of the Balmer alpha line signal at divertor to the MC-RFA signals indicates that fast particles propagates outwards during an ELM crash. Using different MC-RFA channels, the radial propagation velocity can be investigated.
Discussion and conclusion
Multi-channel measurements with 4 mm radial separation between the channels shown comparable ion temperature profiles within the error bars of less than 10%, mainly defined by the errors of the temperature fitting procedure, so that the usability for simultaneous measurements at different radial positions is proven. However, because the maxwellian distribution is changed by the presheath, the parallel value T p,i and the anti-parallel value T a,i are not equal and T i = (T p,i +T a,i )/2 [6] should be used. In this case, the nonaveraged T i is shown, because the lower hybrid heating may cause superposed signals from fast particles.
The small signal of the order of several μA and therefore a small signal to noise ratio leads to an increase of the error bars. As well, additional potential at the probe head, e.g. the floating potential of the cover, can lead to a shift of the I-U curve. To decrease the error bars of the ion temperature measurements, the transmission factor of the low transmission slit plate will be increased and the measured floating potential will be used as reference for the sweeping potential at the middle high transmission grid in future experiments.
Both RFA modules are oriented parallel to the magnetic field lines, however, one module is oriented towards the divertor (downstream signal) and the other module is oriented towards the plasma core (upstream signal). Because previous measurements of the Mach number in the SOL region shown values between 0.3 and 0.7, the two directions of the MC-RFA channels measure different plasma flow. Furthermore, the fast particle contributions up and downstream are different. Unfortunately, the downstream signals were too small for measurements, most likely due to the small signal to noise ratio.
Furthermore, an asymmetry of the I-U curve for the ramp up and the ramp down phases can be seen. This could be caused by a too fast sweeping rate dU G /dt, which could influence the particles. To prevent such asymmetries, dU G /dt should be decreased e.g. by optimizing the sweeping range. Additionally a small time delay between sweeping signal and collector signal is caused primarily by the electronics.
As shown in figure 9 , multi-channel ion temperature measurements are feasible. It could be achieved a spatial resolution of the plasma parameters of 0.1 mm for measurements at fixed position and a spatial resolution of 0.2 mm for 1 kHz sweeping during the profile measurements. However, the calculated LCFS position needs to be cross-checked with the floating potential profiles, but it did not affect the relative positions of the different channels.
The cross-correlation and the particle or heat flux propagation between the different channels in radial direction has been calculated. Measurements during ELM events showed a time delay between 1 and 4 μs. Because of the 4 mm distance between both channels, a radial velocity of fast particles during ELM events of approximately 1-4 km s −1 is derived. In summary, an MC-RFA was developed for measurements on the EAST tokamak and the W7-X stellarator. A detailed description of the design is given. First measurements on EAST show that multi-channel ion temperature measurements within error bars of maximum 10% are possible. The MC-RFA, including up to 6 ion temperature channels, electron temperature and floating potential measurements, enables to determine a large set of parameters simultaneously.
The main advantage of the MC-RFA is the multi-channel design. Therefore the MC-RFA probe will be used for investigation of the plasma-wall interaction in the upcoming campaigns of W7-X [9] .
